Modifications occurring in the plasma membrane and their relationship to newly synthesized microfibrils were examined in regenerating protoplasts of Candida albicans by freeze-fracture electron microscopy. Freshly prepared protoplasts showed no residual wall material, and long invaginations covered the surface of the plasma membrane. Analysis of the external face (Eface) of the plasma membrane showed a significant decrease in the number of intramembranous particles (IMP) in comparison with the original cells. After 40 min incubation in regeneration medium, newly synthesized microfibrils which seemed to originate from protrusions in the plasma membrane were observed. The plasma membrane showed important modifications with respect to IMP. After 3 h 45 min, the cells were covered by an abnormal wall which showed isolated fibrils partially embedded in the matrix material. The plasma membrane of these partially regenerated protoplasts was similar to that of original cells. After 8 h, regeneration of the protoplasts seemed to be complete as no differences from the original cells were detected in the plasma membrane or the wall. Calcofluor white altered the deposition of wall polymers during regeneration, but did not modify the plasma membrane of the protoplasts.
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I N T R O D U C T I O N
Synthesis of structural polysaccharides and their subsequent assembly in microfibrils are fundamental events in the formation of higher plant walls, and it is believed that the plasma membrane plays an essential role in both processes (Northcote, 1974) . The structure of the plasma membrane has been studied by freeze-fracture in various plant species (Willison & Cocking, 1972; Willison, 1976; Willison & Brown, 1978; Herth & Hausser, 1984) ; however, little is known about its role in wall synthesis in fungi. The process of wall regeneration by protoplasts may be an adequate model to investigate the involvement of the plasma membrane in the formation of microfibrillar polymers and other wall components, and to study the way they interact once free in the periplasmic space. There are two advantages of using protoplasts in these types of studies: (i) masking of interactions between nascent wall polymers by the walls in growing cells does not occur or is reduced in protoplasts (Elorza et al., 1983b) , and (ii) the synthesis of wall polymers is dramatically increased in protoplasts (Elorza et al., 1983a) . Candida ulbicans protoplasts can regenerate a whole new wall in only a few hours (Elorza et al., 1983a) , but protoplasts of Saccaromyces cerevisiae and other fungal species regenerate more slowly and do not revert into normal cells in liquid media (NeEas & Svoboda, 1976; Svoboda & Piedra, 1983) . The microfibrillar nets produced by S . cerevisiae and other fungi have been reported to be composed of glucan and/or chitin (NeEas & Svoboda, 1985) , but almost nothing is known about the involvement of the plasma membrane on these microfibrils.
Abbreviarion : IMP, intramembranous particles.
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Freeze-fracture electron microscopy allows visualization of the fibril nets and other wall components laid down during regeneration, and also permits the detection of modifications on the plasma membrane and inside the bilayer because cleavage occurs mainly at the hydrophobic interface (Branton, 1966) . In the present work we investigated wall regeneration by protoplasts of C. ufbicuns in liquid media using the above technique. Special attention was paid to the interactions between nascent wall fibrils and plasma membrane elements, and to the events that occurred on the plasma membrane during wall regeneration. The effect of calcofluor white on this process was also investigated.
METHODS
Organism. Candida albicans ATCC 26555 was used. It was maintained by subculturing every 2-3 weeks on slopes of Sabouraud-dextrose agar, and grown according to Elorza et al. (19836) . Protoplast preparation. Cells (100 mg dry wt ml-I) were suspended in the treatment medium (50 mMdithiothreitol, 5 mM-EDTA and 0.5 mg pronase ml-I), incubated at 30 "C for 30 min, then washed with distilled water and suspended in Zymolyase 5000 (2 mg ml-', Kirin Breweries, Co.) in 6 ml 0.6 M-KCI.
Regeneration of protoplasts. Protoplasts were regenerated at 28 "C in the medium of Lee et al. (1975) supplemented with 0.6 M-KCI as osmotic stabilizer and, in some experiments, with calcofluor white (50 pg ml-I).
Freeze-fracture method. Intact cells and regenerating protoplasts at times 0 min, 40 min, 90 min, 3 h 45 min and 8 h were fixed with 2.5% (v/v) glutaraldehyde in 0.6 M-KCl for several hours and cryoprotected by passage through a graded series of glycerol solutions (10, 20 and 30%, v/v). The samples were then frozen in liquid Freon 22 and stored in liquid nitrogen. Fracturing was done at -1 10 "C in a Balzers 360M unit at a pressure of 267 pPa. The fracture surface was shadowed with carbon-platinum at an angle of 45" and carbon was then evaporated at an angle of 90". The replicas were cleaned in NaOCl (active chlorine 8%) and 40% (w/v) chromic acid and then washed in distilled water. Replicas were examined in a Jeol 100s electron microscope.
The density and size of the intramembranous particles were determined on micrographs at a final magnification of x 60000, with the aid of a calibrated magnifying glass (Miragall, 1983) . Statistical analysis of quantitative results was done by Student's t test ( P < 0.025).
R E S U L T S
Freeze-fracture replicas of blastospores and mycelial cells of Candida albicans displayed a thick wall made up of two distinct layers: an internal one with a rough fibrillar appearance and an external one with an amorphous texture (Fig. 1) . The P-face of the plasma membrane had numerous intramembranous particles (IMP) 10-4 k 1.4 nm in diameter (mean k SD) and with similar shape. Invaginations about 140-280 nm long and 33-42 nm wide were also observed randomly distributed on the plasma membrane. They appeared as grooves in the P-face ( Fig. 1 a, c) and as complementary ridges in the E-face (Fig. 16) . The invaginations contained few IMP on either membrane face; however, they were often bordered by a row of particles 12.0 k 1.2 nm in diameter (Fig. lb) .
Freshly prepared protoplasts showed no remains of wall material. They exhibited significant structural modifications in the plasma membrane: thus, whereas the size (10-5 k 1.6 nm) and morphology of the IMP were similar to those of normal cells, the numerous invaginations initially detected had disappeared but others about 1-2 pm long or even longer and 33-42 nm wide ! Fig. 2a, b) crossing the plasma membrane were observed. They appeared again as grooves in the P-face (Fig. 2a ) and as ridges in the E-face (Fig. 26) . The invaginations were not uniform channels but showed a rosary-like structure due to successive swellings along their long axis (Fig.   2a, 6 ). They seemed also to be bordered by IMP 12-6 k 2-3 nm in diameter (Fig. 2c) .
After 40-90 min regeneration, fibrils of wall material originating from the plasma membrane were observed (Fig. 3) . At the same time, the aspect of the plasma membrane had changed dramatically : on P-faces small conical protrusions appeared randomly distributed (Fig. 3 a) . On the E-face pits complementary to the protrusions were found (Fig. 4a) . When fibrils were longitudinally fractured, and their origin at the most proximal portion was observed, they seemed to extrude from the protrusions (Fig. 3 c) . Furthermore, the long invaginations typically observed in non-regenerating protoplasts (Fig. 2) became flattened into strips 0.33-2.6 pm long and 42-58 nm wide, showing hardly any IMP (Fig. 4a, 6 ). On the P-face, the area outside the original invaginations showed numerous IMP randomly distributed and with a heterogeneous Plasma membrane of C . albicans protoplasts Fig. 6 . Cells after 8 h regeneration, in which both wall and plasma membrane are identical to those of original intact cells. In the E-face (b) short invaginations (arrows) bordered by rows of particles are observed. Bars, 0.5 pm. Fig. 7 . Cells regenerated in the presence of calcofluor white, after 8 h. (a) A P-face. Note that the wall maintains a fibrillar aspect, as if incompletely compacted. The plasma membrane has a similar aspect to that of control cells (Fig. 60) . (h) An E-face also depicting numerous invaginations bordered by particles. Bars, 0.5 pm. morphology, and at least four different populations of IMP were distinguished: a main population (about 73 % of the total) consisting of single particles, and another three populations formed respectively of aggregations of two (double particles; about 20.5 %), three (triple particles; about 5%) and four (quadruple particles; about 2.5%) IMP (Fig. 4c ). E-faces showed numerous pits complementary to IMPS found on the P-face. After 3 h 45 min regeneration, the cells already showed a discrete wall with two regions: an internal one that seemed to be very compact, and an external one whose fibrils had not yet been cemented by amorphous material (Fig. 5) . At this stage of regeneration the morphology of the plasma membrane was similar to that found in normal growing cells. IMP measuring 10.2 & 1.4 nm, and short invaginations (150-420 nm long and 43-58 nm wide), were found (Fig. 5) .
F . M I R A G A L L , H . R I C O A N D R . S E N T A N D R E U
After 8 h regeneration, both wall and plasma membrane were indistinguishable from those of original cells. In the plasma membranes IMP measuring 10.3 & 1.5 nm and short invaginations (150-333 nm long and 42-51 nm wide) were observed (Fig. 6) . The latter were bordered by a row of IMP about 12 nm in diameter. The density distribution of IMP (pm-2) on P-and E-faces of plasma membranes from blastospores, mycelia, newly obtained protoplasts and protoplasts at the different regeneration times investigated are summarized in Table 1 . Invaginations were not considered in these measurements.
Protoplasts regenerating in the presence of calcofluor white showed some differences in the morphology of the cell wall in comparison with those regenerating in its absence : at late stages of regeneration the cell walls mainly showed a loose texture (Fig. 7 a ) . In contrast, the morphology of the plasma membrane did not differ from that of normally regenerating protoplasts (Fig. 7) .
DISCUSSION
Since protoplasts of C. albicans synthesize new walls and revert to normal vegetative cells when incubated in liquid medium, wall formation can be studied without the impediments of pre-existing structures. The regeneration process is initiated by the deposition of fibrils mainly composed of chitin as deduced from their chemical composition (Elorza et al., 1983a) and their reaction with calcofluor white (Elorza et al., 19836) and with wheatgerm agglutinin (unpublished results). This deposition of fibrils is the result of the metabolic activity of the protoplasts, and is reflected cytologically at the level of the plasma membrane. In normal growing cells the plasma membrane possesses short invaginations whose functional significance is not clearly understood (Moor & Muhlethaler, 1963; Streiblova, 1968; Hereward & Northcote, 1972; NeCas & Svoboda, 1976; Sekiya & Nozawa, 1983; Takeo, 1984) . The original short invaginations of the plasma membrane seem to fuse longitudinally during protoplast formation suggesting that they are permanent structures of the plasma membrane. After 40min incubation, the resulting long rosary-like invaginations become flattened, suggesting that the protoplasts are initially limited by a defined amount of plasma membrane. Presumably the formation of the protrusions and/or the increase in their mass and, as a consequence, their volume uses significant amounts of membrane and flattens the invaginations. The protrusions behave as permanent structures that invaginate again following the addition of newly synthesized membrane material. We suggest that the invaginations could represent reservoirs of membrane material. Rosettes and other arrangements of membrane particles have been implicated in the formation of cellulose and chitin microfibrils (Giddings et a/., 1980; Mueller & Brown, 1980; Herth, 1983; Herth & Hauser, 1984) . We did not observe rosettes or arrays of particles in the membrane of regenerating C. albicans protoplasts, but the outgrowing fibrils did originate from small conical protrusions. These structures seem to be involved in wall formation and they could represent the initial location of the chitin synthase complexes (Cabib et a/., 1983) that subsequently spread over the whole plasma membrane (Elorza et a/., 19836) . After 3 h 45 min the fibrils were seen partially immersed in a matrix material which is probably composed of proteins (Elorza et a/., 1985) . After 8 h regeneration, the original protoplasts looked like normal growing cells. This was not the case with protoplasts incubated in the presence of low concentrations of calcofluor white, a reagent which does not alter polymerization of chitin but which interferes with formation of the crystalline lattice. Due to this effect protoplasts appear surrounded by a fluorescent halo (Elorza et a/., 19836) . Calcofluor treatment resulted in a wall covered with very long elementary fibrils that had not been assembled into normal fibres.
IMP are discontinuities in the fracture plane through the lipid matrix of the membranes, and in eukaryotic cells, they are believed to be proteinaceous (Verkleij & Ververgaert, 1978; Fujimoto & Ogawa, 1980; Murphy & Swift, 1983 ). E-faces of the plasma membrane from newly obtained protoplasts had a significantly lower concentration of IMP than the original cells ( Table I ), indicating that in C. ulbicuns digestion of the cell wall also affects the proteins attached to the E-face of the plasma membrane. Between 40 and 90 min regeneration, the density of IMP on both P-and E-faces decreased significantly with respect to that of original cells. Moreover, particles consisting of aggregations of two, three and even four single IMP were observed on Pfaces, accounting for almost 28% of the total amount of IMP. However, considering single particles as one particle, double as two particles, triple as three and quadruple as four particles, the value of IMP pm-2 obtained was about 3200, which did not differ from the IMP density of original cell plasma membranes. This suggests a diminution of the amount of membrane proteins visualized as IMP, and/or a reorganization of these components taking place during these phases of regeneration, in which the synthesis of cell wall materials is greatly enhanced. On the other hand, at these times of regeneration E-faces showed complementarity (pits complementary to IMP). This feature has been described in the outer membrane of Escherichiu coli (Van Alphen et a/., 1978; Verkleij & Ververgaert, 1978) , in which IMP are lipopolysaccharide-protein complexes. These observations suggest that at least part of the IMP of protoplast plasma membranes at these phases of regeneration might contain polysaccharides and materials that would contribute to the formation of the new cell wall. Using cytochemical and freeze-fracture methods, glycoproteins were found to be associated with IMP in S. cerevisiae (Maurer & Muhlethaler, 1981) . O u r results, however, differ from those of Neeas & Svoboda (1976) , who reported no differences in structure and density of IMP in the plasma membrane during reversion of S . cerevisiue protoplasts. Finally, after 3 h 45 min and 8 h regeneration both the morphology and density of IMP of plasma membranes appeared similar to those of original cells, implying that at these stages of regeneration, the plasma membrane has already reached the initial equilibrium. 
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